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@ Application of tetrathlofulvatenee In Moelectrochemleal proeaeaee. 

@ B loalectrochamlcsi processes uae tetrathlafutvatenea 
OIF) aa a mediator of electron transfer between biological 
systems and electrodes. Typically ft finds use In bloelectro- 
chemfcal assays, e.g. Invofvlng glucoae oxidase mediated 
oxidation of gluoose. The TTF may be Immobilised on the 
electrode surface, aa may one or more enzyme* Involved in the 
process. 
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Description 

APPLICATION OF TETRATMIAFULVALENES IN BiQELECTROCKEMICAL PROCESSES 

Reld of the Invention 
5 The present invention relates to the use of tetrathJafufvalen© (TTF) 
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and fts derivative* as mediator molecule* In the transfer of electrons between redox systems and electrodes in 
bfoelectrochemfcaf processes. Such processes may be for example bioelectrochemlcaJ assay procedures, 
biological fuel ceOs and bloeJectrosynthesls of chemicals. 

Background to the invention 

The electrochemistry of axldoreductaees has received considerable attention In relation to applications In 
enzyme electrodesff-4). Many of the same considerations apply to their use In Immunoassay and other 
enzyme-labelled assays e^. DNA and RNA probe assays. In particular, highly efficient coupling of enzymlo 
activity to the electrochemical detector Is essential for sensitive and rapid assays. A number of appro a*^.ss ftr 
tha realisation of electron transfer from biological systems to emparometrtc electrodes have been described, 
but arguably the most effective Is the use of low molecular weight mediators to shuttle eaecu «ne batmen the 
catalyst and an electrode. Various mediators that have been reported for use In enzyme electrodes, such as 
ferricyantdeTO. tetracyano-p-qulnodlmethane(0>and ferrocene^) could also be useful In Immunosensors. 
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Mediated enzyme-finked Immunoassay, In which a GOD label was monitored using a ferrocene derivative 
was first reported In 1985(10). a more elegant possibility Is the use of the mediator molecule as a CabeL Weber et 
aldO produced a conjugate of morphine and ferrocene carboxyUc add. They showed thai the electrochemical 
oxidation of the ferrocene label was reduced whan morphine antibody bound the conjugate and used thle 
principle In a displacement assay for codeine (see (a) below). Since the key to practical oaddoreductase 
electrochemistry Is the availability of a mediator such as ferrocen , ft was apparent that this principle could be 
used to trigger an electrochamically coupled enzyme-catalysed reaction (see (b) below). 
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The effective recycling of the ferrocene by GOD results In a further amplification of the signal over 
electrochemical noise due to electroactfve substances present In the sample. 

EJectrochemlealry coupled enzyme reactions may also be activated by providing missing cefaclors or 
coenzymes^*). Qulnoproteln dehydrogenases could prove particularly valuable In this respect 

An immunoassay for prostate add phosphatase (PAP), a pros tate tumor marker from human serum, which 
relies on enzyme amplification Is shown belowW. 
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The catalytic actMty of the enzyme label (alkaline phosphatase) used In a sandwich assay Is monitored by 
the addition of the substrate NADP+ leading to the formation of the dephosphorytated product NAD* The 
NAD+ formed enters a redox cycle Involving the enzymes alcohol dehydrog nase and dtaphoraae leading to 
the reduction of a mediator (ferrlcyanfde). Electrons from the N1AD+/NA0H redox cycle passed via the 
dlaphoraae to the Feiu(CN)e/Fen(CN)e couple. Th reduced pedes Feo(CN)e was reoxldfsed at a platinum 
electrod et 460 mV versus a saturated calomel electrode producing an amperometrle naspons . 

Similar principles may be applied to ther affinity reactions euch as DMA and RNA prob assays. 

AmDfcrCmetrlo •niymt •*^=Tnc*H«» h«v» *>mm*\ lrwmt\ymxm<* In wr\toft tft* O hOA Q. OOnOUCtlW SUrTBCe 
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comprising an organic solid with meteHtks electrical conductivity ('organic m taT). These substances era 
formed as charge-transfer complexe between an electron donor molecule and an electron acceptor 
molecule. The principal Investigations have been with 773.8-tetFaoyeitoo^lnooUmelhane (TCNQ) as electron 
accepted and N-methyl-phenazinlum (NMP) as electron donor, but the possibility of TTF+ TCNQ- complexes 
5 has also been consideredd*). However, the present Invention is dealing wtth the use of TTF In a different 
context; uneomplexed, as a mediator of electron transfer. 

Summary of the Invention 
According to one aspect of the present Invention there Is provided a bioelectrochemlcaJ process Involving 
10 electron transfer between a redox system and an electrode, characterised In thai said electron transfer is 
mediated by a tatrathfafufvalene, not being an "organic metal* complex. The TTF Is preferably deposited on the 
electrode, but may be In solution. An oxfdoreductase enzyme may be Immobilised on the electrode. The 
Invention also Includes essay procedures Incorporating such processes, and TTF-modffied electrodes for use 
In the processes. 

is 

Brief description of the drawings 
Further features of the Invention wffl be described with reference to the accompanying drawings, wherein: 
FIgJ shows a diagrammatic crosa-sectlonal side view of an electrode; 

Flg.2 is a graph showing current potential response of a TTF-modffied glucose oxidase electrode; 
20 Flg.3 Is a graph showing a calibration curve of steady state current versus glucose concentration for a 

TTF-modified glucose oxidase electrode: 
RqA Is a graph showing a pH profile of the TTF-modMed glucose oxidase electrode; 
FIg.5 Is a graph showing temperature response of the TTF-modffied glucose oxidase electrode; 
Flg.fi Is a graph showing the afreet of nitrogen and oxygen saturation on the anodic currant of a typical 
2S TTF-modmad glucose oxidase electrode, at saturating glucose concentration; 

Flg.7 is a graph showing the decay of a typical TTF-modffied glucose oxidase electrode at saturating 
glucose concentration; 

FJg.8 shows a calibration curve of a membiane^ntrapped glucose dehydrogenase TTF-modffied 
electrode; 

so Flg.9 shows a linear sweep voltammogram of aolublllsed TTF and glucose with (curve A) and without 

(curve B) glucose oxidase; and 

FIg.10 Is a graph showing a calibration curve of steady state current versus glucose concentration for a 
TTF-modffled electrode on which GOD has been Immobilised by an Improved procedure. 

as Detailed description 

Construction of Bectrode 

A) As shown In Fig. 1 an electrode 10 is constructed from a 6.0 mm diameter graphite foil disc 12 which Is 
cemented to 3.0 cm length of precut soda glass tube IB, 7X3 mm In diameter, using epoxy rosin 

40 (Araldrte - Trade Name). The resin Is allowed to harden for 20 minutes at 100* C, A 6 cm length of Insulated 

wire Is attached to the back of the graphite foil 12 wtth silver loaded epoxy resin 14 (Araldrte) and left to set 
for 20 minutes at 100° C. 

B) K> mg of TTF (FLUKA) were added to 1 ml of acetone and allowed to dissolve. The electrode (0 was 
placed (n this solution and (eft at 30*Cfor two hours. After this time the electrode was removed and left to 

4S air dry for 60 minutes at room temperature. 

C) The electrode 10 was transferred to a solution of 20 mg/mf l-cyctohexyM(2-morohonncethyl) 
cartoodllmlde metho-p-tolusne eulphonate (Sigma Chemical Company) In OS M citrate buffer pH 5£ for 80 
minutes at room temperature. TWs Is a afunctional Jfgand to aid Immobilisation of the enzyme on the 
electrode through covalent bonding betwaan carboxyl and amino groups. The electrode was rinsed 

SO thoroughly In distilled water before being placed bi 25 mg/ml glucose oxidase solution (EC I1&4, Sturge 

Bfochemlcale) In 20 mM carbonate buffer pH 9-5 at room temperature for 60 minutes. The electrode was 
rinsed fn 20 mM phosphate buffer pH 7 and was ready to use. 
The results given below are derived from evaraglng the output of fTve electrodes constructed and prepared 
aa above. The output of the different electrodes can vary considerably and will depend to some extent on the 
55 surface area. However, careful construction can Increase the consistency between electrodes. 

Apparatus 

The sensors ware operated using a BBC 32K microcomputer vta a programmable biosensor Interface 
(Artek. Lavendon, Bucks., England) (w. TWs system utmsed a Ag/AgCf reference electrode. A three electrode 
go configuration was also employed for temperature profile and current potential curve determination. A 
saturated calomel electrode was us d as a reference and the auxiliary electrode was 0.46 mm diameter 
platinum wire. 

The sensors were Immersed in IS ml of buffer (usually 20 mM phosphate butler pH 7.0), contained In a 20 ml 
glass water-jacketed c D thermostafted at 25 ± 0£*& Unless stated otherwise, tha «*n*or» w»r- poi**d *t 
200 mv v«r»uo Ag/Agci or too mY versus saturated eel mel lectrode. 
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Buffers end Reagenta 

The standard buffer was 20 mM sodium phoaphate pH 7.0 containing 0J M KCL 

The buffers used for the pH profiles contained 0,1 M KCI and were as follows- 

pH 4.0, 20 mM citric add-Naa HPO4 

pH 4*4. 20 mM citric acld-Nej HPO4 

pH 6.0. 20 mM citric acld-Naz HPO4 

pH 5.6. 20 mM sodium phosphate 

pH 6.3. 20 mM sodium phosphate 

pH 7.0. 20 mM sodium phosphate 

pH 7.5. 20 mM sodium phosphate 

pH 8.0. 20 mM sodium phosphate 

pH 8.4, 20 mM sodium carbonate 
. , B ^ fer8 J J ,f ed toe three electrode system lacked 0J M KCI. Glucose was Introduced Into the system by 
Injection of known volumns of 1-0 M 0-glueose which had been stored overnight to allow equilibration of a- and 
B-anomere. All chemicals were of analytical grade. 

Calibration of the Enzyme Electrode 

„ T !*i u , rrant vo ' ta 9 a reaponae obtained for the TTF modified glucose oxidase (GOO) electrodes la shown In 
Flfl.2. This was obtained by subtracting the currents given by the electrode In the absence of glucose from so 

e |5 ctrede8 fn f/" 6 " 08 * « ,ueose ' at WBriow °P eni tlng potentials The plateau 
region from 220 to 400 mV concurs with other unreported data obtained from direct current cyclic voltammetry 
?1 jJ Xw&B f P° t6 . nt,ala near »• tower end of this region that the electrodes were operated, thus mlnlm^na 
the effect of smal fluctuations In the reference potential, whilst alao minimising the amount of 
enzyme-Independent oxidation of redox species present in samples. Control electrodes lacklno TTF or GOD x 
gave no current In response to glucose. 

The electrodes gave a linear steady-state current response In the range 0 to 25 mM (FIg.3). Above 25 mM 
the calibration curve became non-linear saturating at 70 mM glucose. This was consistent with previous 
results using Yerrecenam and waa considered to be a reflection of the Inherent enzyme kinetics of the 
Immobinsed glucose oxidase under these conditions. The response of the electrode to glucose was rapid- the 
electrodes typically took 3 to 5 minutes to reach a steady-state current. 90<to of this response being achieved 
60 to SO seconds after the glucose addition. The standard deviation error bare shown In Flo 3 for 
tecSlque" 8 "" *"* dtffw8nt etoctr00 * 88 *» reproducibility afforded by thle simple fabrication 

pH Profile of Enzyme Electrodes 
The effect of pH on the anodic current otthe electrode was Investigated over the range, pH 4.0 to 9 4 i Fta 41 

Sif-!!*.? I ^ £ ? 8ctrodM demonstrated an optimum at pH 7£. This result is In agreement with 

data published for jhe use of glucose oxidase with other artificial electron aeeeptora0ws», eonipared to .the 7oH 
optimum of 5 5 to 5.7when oxygen is the electron aceeptorcm. TTF replaces oxygen In the neZTreaSon this 
greatly reducing the production of hydrogen peroxide. This results In an excess of protons! ndoseVroSmrry 
™ Ki2 ym u ma o ng ^""pro-environment of the enzyme become more acidic and producing en apparently 
eteSode P op, ' mum ttw enzvmB - 108 «trem« of the pH range gave rise to danaturatfon of the enzylne 

The Effect of Temperature on the Enzyme Electrode 

The effect of temperature on the electrode was Investigated between 4 to WC. Flg.5 shows the tvoical 
Increase of an electrode's eteedy-state current In response to increasing temperature, setairrtn^lucoee 
concentrations (80 mM). Within the linear portion of the graph there w£ an average InereasTS IB ^TC 
^f?, 35 --^ ptot cea80d J° *»• 0nw due * tnarmal denaturetJon of the enzyme electrode. When 
SrSSSSfure? temperBtures abovo 35 C me wmm reB »"» being more severest higher 

The Effect of Oxygen on the Enzyme Electrode 

ttc!SL B JZ 1°? pn « how ' r '0 the street of nitrogen and oxygen saturation on the anodic current of a typical 
TT£modlfied glucose oxidase electrode, at saturating glucose concentration (Glucose - (00 mM) 
. I?**™'}* 9 eeWeved from the electrodes when operating In oxygen-saturated buffer were lS.lQ/b ± 
SMVo (n - 5) lower than the peak currents obtained In nitrogen saturated buffer. The electrodes were poised 
* " P?*""* reus Ag/AgCO and any HaO, produced would not have been otldlsed by the eo 

£22? e. The oxygen Interference ffect was the result of competition between TTF and oxygen for leetrona 
Z™*?£t U J*?» ^^liphtJng the need for a medlat r to have • high sffMty foTil etrons eiStest 
electron transf r kinetics. When the electrodes were operated In air saturated buffer the reduction Incurram 



40 



SO 



65 



5 



10/27/97 12:30 REEDFfiX ■» 415 338 3249 



NO. 308 P007V017 



0234838 



10 



IS 



Stability of th Electrodes 

^-I™^, 5 * 0 * 1 " 9 ^Z? &t ?* * atyp,cal TTF^nodlfled glucose oxidase electrode at eaturatmg glucose 
concantratlon (Glucose — too mMJ. 

h^JTl?^ e '« trede iw a » ™ under saturating glucose concantrattons (80 mM) the peak currant had a 
narMlfe of L5 to 2 hours. The peak cunent eventually fell to a steady level after ca. 12 hours. This was not due to 
consumption of the glucose by glucose oxidase, since further additions of glucose did not give rise to higher 
currents. When transferred to fresh buffer containing 80 mM glucose, however, up to 3S<K> of the orfainal 
activity could be regained. Whan this process was repeated with the same tfeettxtee slrXTresulte wara 

SSr ™ . ( ?."^L « «Wralcurront response. Enzyme electrodes were stored tn 20 mM phosphate 
buffer pH 7.0 at 4»C for 5 weeks. After this time the electrodes produced normal responses to ao^ttonTof 
etaWMe? 8 8ChlaVed from 0,6 ware 2B^M> ± &8<Vb (n -6) of the currents given by fresh 

i it— modified Glucose Dehydrogenase 

.♦.T?, 0 ^? 1 ^ , OT J J TF * dBh ydroflena38. quhtoproteln glucose dehydrogenase (EC UJ89J7) was 
studied. This NAD-tndependerrt glucose dehydrogenase Is of particular Interest to biosensor work as oxygen 
20 oxWas'e p,ayftro,al11 tef ^ f «^. w ««toles8susoeinlbtetocharkjestaoxyaM 

fJ^^H™ ?? ns ^ u f t8d *"* £« «P« described previously. A standard dialysis membrane 
wasbonad in Wo EDTA fori B minutes and then thoroughly washed tn purified water. The TTF modified 
elective* ware washed In 20 mM acetate buffer. pH BS, and concentrated glucose dehydrogenase Isolated 
from Acmetobact^ar cateoaeticus (50 ul) was applied to the surface of the electrode and was retained behind a 
25 Ptece of prepared dialysis membrane by a rubber O-rtng. Calibration of the electrode was perfo^dasTuaJ 
♦hit Ji?,^^?;^?® electri ? e flavs • Dnear •teady^tate current response (n the range 0-f0 mM. Above 
this value the calibration curve became non-linear saturating at ea. SO mM. Thus. glueose/TTF will readilv 
transfer electrons from glucose dehydrogenase. w reaa " y 

30 The Use of TTF with L-amlno-acfd Oxidase ea an L-amlno-acld sensor 

Preliminary experiments were also performed on an L-emlno add sensor using TTF as a mediator. L-omlno 
acid sensors were constructed essentially as described by Dicks et el (tel. with the exception that TTFwas 
used as an Immobilised mediator in the place of ferrocene. On addition of 600 ul of I M L^gluttsticaSdamean 

Electron Transfer from Glucose Oxidase to a Graphite Electrode in Aouaou a Solution 

13 extramatv insoluble in water, it Is this property which allows It to be readily entrained at an electrode 
surface when used in buffered solution. It Is, however, sometimes desirable*, u*e%!££?Z> aoSouJ 

tS^t\ 10r , <M T pto to klvest,Bato MnaVc * transfer from enzymes to medi^re^o^irS 

electrochemical enzyme amplification end labeUlng systems. U88 m 

40 mg of TTF was disserted In I ml of Tween-20 (Trade Mark). This solution was made up to 100 ml with 20 mM 
addition of a potential ramp generator. A 5 mm diameter glassy carbon worWrw electrode ends ahttnuln 
at 0 2S£^ 

fh«™.f \f a "^f*?^^". was placed In to the reaction cell: to this was added 300 ul of 
E£I£ES£ m « d 01 ' M fl,UCO , 88 - UnMr SWB ^ voltametry (LS.V.) at a sweep rate of 4£ mV/eeowas 
LAV reSaSS; " ^ ^ 300 of 20 m ° /mI O 1 **" "lutton was added I Ind^S 

As can be seen from Hg. 9 sfgnfflcant electron transfer from the glucose oxidase to the electrode via TTF 

S^r^? T*?? «"* «*«rved « ca. 220 versus S.CJE. which correspond* ww1n7ox?de£ 
peak of TTF determined by cyclic vottametry. 

Sensor with improved Enzyme tmmoMIsafJon 

55 J^?J?*°?^r ln ^B^^«*odnmlde immobilised electrodes, the lifetime of the electrodes 
can bslmprwad with a supenor Immobilisation method. Glucose oxidase Is a glycoenzyrns (contelnlna W/b 

S*^!! 81 Tf* °^ ra °PPornjnKy to «nk enzyme molecutoe togetheV^toW etaSoWSate 
carbohydrate chains rather than through amino add residuesds) wewrooe via ire 

« exlc\v S e b° a t C ri 0d93 COfmtrUCta<1 M d88cri °«d previous* and a three electrode system wee employed 

100 rngof glucose oxidase (Sturge) (EC USA) was dissolved wtth K) mg sotfum-mete-oeriodaia In 5 ml 2D0 
mMecetet buffer. pH 5^ and stirred overnight In the dark* 4'CTh. enzyme ^^d^atortJE 

_ hLl^^.lr^ "!!i^ ,n ^J^n^f^D!! 9 basa •'"ctrodes were IrnmeSS tnT M ,u«^ 
«^ hamdaeyfAmin» in •thm^oi o mo/mo for cs mtmito*. Tho eiactroaes wire removaa sfloktn and aflowsd to air 
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f«« i were then placed In a solution of TTF in acetone (10 mg/ml) and left for I hour at ro m 

Zth^^S; - !? , T * nd - ?Sr d to , -fr dr * F "^"O procedure, the el etrodee w re placed 
r^^^l o 8d ?' U f°'i OXWaa BOlullon ard Mutated at room temperature for 90 minutes After 
mmM^Z^^lT^u f ''f™^ immediately placed m a solution ot adlplc dlhydrazldeTn 
SSrTS l^TJT^^ 9r l? H 5,5 <a5 ' n8/m,, and teft ,or 30 « reom temperature. The electrodes s 

LI lEL?^ ".^"^ Watar were ready for uae or storage m 20 mM phosphate buffer pH 7.5 at 4™ 

^tZ fn au>n 4 b ^' no, r flnMr « Slucoae concentration approached efeSrSe 

^? 0 SiJIl ,! 7 !, ^? 0f 018 elactrodes «« Wflh. The response of the electrode was rapid and 
™Z^!f aCh,BVBd *■* carbodllmlde treated electrodes, taking *4 mlnutea to reach steals £e w 
« TTJ?^ °. f 11,13 r6Sp0nSe bah 0 rMcned ,n 60-80 «econds.The halMffe decay of this eleotrodes^wonae 
weTt^ca^^ °t SJS houre - ™« ^provemeS^ri^o^ 

~f^.«H ^ .2 i tectrodos - ™* method can be further improved by the use of periodato 

oxidised dsxtran to crosslink the enzyme with edlplc dlhydrazlde. panooaw 

Conclusions ,5 

^S^tf™.^ 33 b !!! d ?" TTF ! xhlblhKl atoetra " «™*»r. low oxygen Interference and a rapid 
with reproducible performance between electrodes. The effect of pH agrees with other 
published data regarding glucose oxidase and artificial electron sceeptorsflsje). The pH optimum Towever 

^ d * te ™ PH dependance of ferrocene mediated Sw oSSS 20 

electrodes^ Preconditioned electrodes were reasonably stable and may be suitable for useta WsnS? 
tests using disposable electrodes. Short term continuous use would also be possible 

These results demonstrate that TTF Is a useful and versatile mediator of electron transfer between blolooicai 
2? 7? « d ^ 8Ctr °^ 8a - B !^ 8,Cfl ' 8y9te,n8 be •"*»■"•»• ceU fragments. IntacTSl,. £22 or enXl 
labelled affinity reactions. TTF derivatives, such as mono- or potv-carboxyllc add derlvatlvee or monger zs 
, K«!^ e9, "«y£lP^"»We to TTF Itself In soma circumstances; for example In p^vSlng 

8 nni?« «i U ^ ty , V ^H th9 JT 18 t0 66 U " d "1 80,UI,0n - ° r h 6,d « 9™P« f°r llnWng the TTF 

^jftL * e ° ,ectr ° de fiLjr * C9 - or both. Thus. TTF will be useful m a number of eonflgu rations 

which have previously been demonstrated with other mediators. These Include- 

J^StSL^IZJS^ 8Uch M monocartloxy,,c acid te " ^ < hus » *> 

(n) the use of mediators for affinity assays (Immunoassay. RNA probes and DNA probes) either as a 

Sct.^ or tt *" " Wch 13 dMV8d and * en tekee ln or «^!3^i! 

(Ill) electrochemical applications such as biological fuel cells and bloelectrosynthesls of chemicals. 
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Claims 

5 

1. A bloelectro chemical process Involving electron transfer between a redox system and an electrode 
characterised In that aakJ electron transfer is mediated by a tetreihttuNralene, not being an electrical* 
conductive charge-transfer complex wfth an electron acceptor rnotecute- 

2. A process according to claim I wherein the tetnithisftitvafene Is in solution. 

10 3. A process according to claim I wherein the tetrathlsfuh/alene Is deposited on said electrode. 

4. A process according to any one of the preceding claims wherein said electrode has Immobilised on ft 
an oxfdoreductase enzyme that takes part in said process. 

5. A process according to dalm 4 wherein the enzyme Is a glycoprotein immobilised on the electrode 
via Its carbohydrate groups. 

IS 6. A process according to any one of the preceding claims wherein the process involves the oxidation 

of glucose catalysed by the enzyme glucose oxidase or glucose dehydrogenase or the oxidation of an 
amino acid by amino acid oxidase. 
7. An assay procedure which comprises a process according to any oris of the preceding claims 

2} reaction" 53 ^ proC8dure according to claim 7 wherein the process comprises an enzyme-labelled affinity 

9. An electrode for use in a bioelectrocrvemlcal process of claim I. said electrode comprising a 
conductive surface onto which a tetrathlsMvalene Is deposited. 
10. An electrode according to claim 6 wherein said conductive surface comprises graphrte 
IL An electrode according to claim 9 or claim K) wherein the conductive surface also has an 
25 cr!d?~rif Jotase enzyme Immobilised on It 

12. AO electrode according to dalm it wherein the enzyme is a glycoprotein and is Immobilised on the 
conductive surface via Its carbohydrate groups. 

13. An electrode according to claim li or claim 12 wherein said enzyme to glucose oxidase 
W. A bioelectrochemleaJ ceil incorporating an electrode of any one of claims 9 to 13. 
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